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ABS1’RACT

A CMOS imaging sensor is described that uses active pixel sensor (APS) technology which permits the

intc~ration of tile detector array wi”ti on-chip tirlling,  control and signal chfiin electronics. lTris semsor tczhnology  has

km usd to inlplernmt  a CMOS AI’S carn&-orl-a-chip.  lTrc cfin)em-on-a-chip  ftxrtures  a 256x256 AI’S setlsor

ir]tcgI-fited  on a CMOS chip wiLh the timing and control circuits, and sigrlol-corldit  ic)rlirlg  to emblc  rarrdorn-acce.ss,

low power (- 5 IIIW() operation, and low rmd noise (13 e’ r.nl,.s.). “Ifie chip fmtums sirrlplc power supplies, fast

r’mdou[  rates, and a digital interface for conmmnding Lhe sensor, as WCII as for programming the window-of-interest

readout and exposure time-s. Excellent irna~ring  hrrs been dtmmnstrated  with the A1’S carr]cra-orl-a-ct~ip,  and the

I]usured peIfor  IIlance indicates Lhat this technology will be corllpetitive with CCD’s in many applications.



1. INrRoDuc’rIoN

mw implementation of the active pixel  sensor (AI’S) c~mem-on-a  chip has grrat  importance for prcducing

imaging systems that cm be nlanufactur~  wi~ low cost. low power, and with excellent imaging quality, Comera-

on-a-chip technology will enhance. or enabk many app~icatiom inchrdi  ng robotics and machine vision, guidance

and mvigation, automotive applications. and comunwf electronics. Future applica(iom will also include scientific

sensors such as those suitable for hi@y integrat~ imaging systems used in NASA deep space and planetary

spacecraft. The desirable f~turm for all ~=e applications  is the integration of support circuitry on the same chip as

the fecal plane sensor. This is something that is not easily achieved with current CCL) technology, but is now

possible through the use of standard CMOS proc=ses  [11. ~le high degree of electronics integration on the focal-

planc will enable the simplification and nfitiaturimtion  of instrument systems, thereby leading to overall lowm power

and cost. A 12.8x128 photcxikxk PJ’S version of this  CKIP was developed as a precursor to the work reported here

[2].

Charge-coupled devices (CCDS) are currently the compe~ing  incumbent technology for image sensors.

However, the CCD technology does not emily lend itself to large stole signal processing. Only limited signal

processing operations have been demomrrated  with charge domain circuits [3, 4]. Further, CCD’S  cannot be rosily

integratd  with CMOS without additional fabrication complexity. CCD’S m high=  capacitance devices resulting in

drive electronics that dissipate large power levels  for large area arrays. In addition, CCI)’S require ninny different

voltag,e  levels  to ensure high charge tmnsfm efficiency. l’hese limitations c~n be ovcrconle by tile AI’S [5].

Thc APS camera-on-a-chip femres  pixels that  allow in(ra-pixel  charge tr~mfer for correlatmt double

sampling (CDS) [61, and an on-ciup double-delta  sampling (1)1)S)  for fixed pattern noise @“l’N)  suppression. These

features allow the CMOS AJ’S  to achieve low noise perforlnance comparable to a CCD.

7Tre following sections of the paper will first review the basic characteristics of the CMOS N’S, followed by

a discussion of the design  and opa’ation of UK chip.  In the design section, the timing and control for reading out the

array will be presented . FirlalIy,  the expcrinlerrtal  results based on fabrication and testing will be presented.

.

2. IIASIC  CMOS ACTIVE PIXF, I, S} I;NSOR  OPI:RA’1’ION

]n an A} ’S, both the photo detector and readout amplifk are integrated within tile pixel.  lhe voltage or

cur-ient  output from the cell is rmd out directly through selection trarsis[ors rather than using the shift charge

technique ,assc~iated  with the CCI.J.  A blink  diagranl  of a CMOS active pixd circuit is shown in Fiiyre 1. lncickmt

photons pass through the photogate  @G) and the gcnmrtext  elwrcms  are intcgratect  and stored under PG. The reset

and sip, rml Iewcls are rezld out to separate channels utilizing corl-elattxi  sanlpling to reduce kl’C noise, I/f ncnse and

fixed patt~n  noise fro[~l t~le pixel. IW.ause  tie CMOS A}’S pixel utilizes  a basic CCIJ structure in tlie pixel for

charge collection, the perforlnmce  advanta~es of the CCI) CM be pre-served.
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The operation of the AFT sensor has been reported elsewhere [6]. Figure I is a schematic of the CMOS AI’S

pixel circuit. The sensor  is read out in parallel, one row at a time. lW? signal  from the pixel is the diffmence  between

the potential on the floating, diffusion node (TD) before and Mter  the photo-charges are transferred on it. Ilese two

potentials are stored at the batom of the column capacitors (Ch), by sequentially using the sample-and-hold switches

SHS and SHR. The voltages on the capacitors are differentially read out to prcduce a voltage proportional to the

phot~charge. The column capacitors are respectively connected to p-channel source-followers that drive the signal

(SIG) and horizontal reset (RST)  bus lines. Once the signals from each row are stored on the capacitors, mch

column is read out successively by turning on column se!ection p-channel transistors. The column-parallel sampling

process typically takes 1-2 j.lsx?c,  and occurs in the so-called horizontal blanking interval. I.ateral anti-bl~ming  is

controlled through proper biasing of the reset transistor.

Noise in the sensor is suppressed by the correlated double sampling (CIX) of the pixel output just afkr reset,

before and after signal  charge transfer

from the in-pixel source follower, and

in source follower threshold voltage.

source follower and the rese[ noise on

to FL>. The CDS suppresses kTC noise from pixel  reset, suppresses l/f noise

suppresses fixed pattern noise @“I’iN)  originating from pixel-t~pixel  variation

The noise in a CMOS AF’S is donlina[ed  by the white noise from the pixel

the sample and hold c~pacitors  at W Lmttorn of the column. It can be shown

Lllat  the pixel noise and the sample and hold reset noise c~n be approxirnatcci  by:

(1)

where v, is the voltage  noise, A.i is the gain of the pixel source follower, C~ and C~l arc the sample and hold

capacitor and the column capacitance respectively. Ile factor of 2 represents Lhe effect of double sampling. Ihe

noise expression shown above indicates that  Lhe AI’S noise is governed by value of the sample and hold capacitance.

Typically, this value is betwczn  1-4 pi;, and represcxr[s  a truie-off  betwem noise, speed and layout. Additional noise

inclucks  that in the broad-band column driver circuit. Typical output noise in CMOS APS arrays is of the order of

140-170 }lV r.m.s. Output-referred conversion gain is typically 7-11 yV/e-, corresponding to noise of the order of
.

13-25 electrons r.nl.s.

Quantum efficiency n]cxsured  in CMOS AI’S arrays  is similar to that for interline C(:1  )s. Ihe power

dissipation of an AI’S array can be very low dcpcnting  on the desired rwrdout rate. ‘Ile power assmi3tect  wit]]

r~dout  is priniarily  dete.rlnined  by the common pixel biasing load on Glch colultm and the analog  Iinc drivers. The

required bias current for a given  frame rate ~,) is deter rrtined mainly by t-he slew requirelnents  on the source-

fcjllowcrs.  If Co,i  is the capacit3rlce  at the bo~tonl of the column, and Clmd  k the C2paCitfiKrCe  of the line driver, then

the average analog power clissipa[ion  from the pixel source-follower ond the line driver is given by:
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where F, is the frame-rate, M is the total  numb~y  Of pixels  r~dout,  V~ is the power supply voltage, AV~l is the

maximum voltage change at the bottom  of the column, and AV O.t is the maximum voltage change at the outpu{. of the

circuit. and a is a parameter that indicates numbm of operations per pixel. Typicoily, the value of a is between 2

and 4, depending upon the extent of signal  con~tioning used. Ile first term in the equation shown above is the

avaage power dissipated in the pixel source followers. and the second term is the power dissipated in the subsequent

line drivcm and buffezs.  For M=2S61,  C~l -2 pF, CI~ - 20 pF, V& = 5V, AVm = IV, and F, = 30 Hz, average

powm dissipation is calculated to be only 2 rnw. TIE power dissipated in the digital timing and control circuits Ls

less than 1 mW, indicating that the integration of the timing and control on chip can be performed at a minimal focal-

plane powex penalty. Most importantly, by integrating the timing  and controi  on chip, the ovmall system power is

vastly reduced by an order of magnitude compared to conventional mode of running a sensor.

3. ClIII’ I) KSIGN AND OPERA1’ION

~~NERAl

A blcck  diagram of the chip architecture is shown in figure 2. The chip inputs that are required are a single

+-5 V power supply, a start conmland,  and a parallel  data load command for defining  integration time and windowing

parameters. lhc inputs are asynchronous digital signals; the outputs are differential analog and digital sync, The

cli~ital  circuits enlploy  conmlon  logic elements to control row and address deaxkxs,  delay counters and readout

tinling.

Tle chip is programmed to ope~ate with a default window size  of 256x256. IIowever, the chip con be

cornmanclccl  to read out any arm  of interest within the 256x256 array. lMk is done by digit~l  conmmncls  that preset

the decccia counters to start and stop at any value, and are loaded into the chip via the 8-bit ck~(a  bus. A

progmmmable  integration time is set by adjusting the delay between the enci of onc frame and the Mginning  of the

next. This paramctez  is set by loading a 32-bit register vja the input data bus. A 32-bit cour&r  operates from orlc-

fourth tht! clwk input frequency and is preset czct~ fr~n~c from the register and so can provide very large integration

delays.  lhe input clcck can be any frequency up to abou~ 10 MHz,. lhc pixel readout ram is tied m one-fourth the

clcck rate. Thus, frame rate is de[ernlintxi  by the clrxk frequeucy, the window settings, and the delay integration

tinle.

~U:.AIXl[Jl’

lhe CMOS AI’S, alon~ with rwdout  circuits, is ShOWII schematically in fiSure 3. ‘I?m ~]ixel unit cell consists

c)f a photc)gate  Q’G), a source-follower input transistor, a row-selection transistor, and a reset transistor. At the

MXtotn of Glch colunm  of pixels, three is a load tr’amistor  VI N and two output branchm to store the reset  and sigrlal

}evcls.  Ihch branch consists of a lpF sample anti hold capacitor  (CS or CR) with a

awd a sccot)d  source-follower with a colulnn-selceticm  swjtch (COI .). q’he reset

3

sampling switch (S11S or SIIR)

a n d  si~nal  levels are rcld  oLlt
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separately, allcwing  co~eiat~  double  sanlpting  to supprms kTC noise. l/f noise and fixed pattern noise from the

pixel. A double delta Sampting (DDS) circuit is us~ to renlove offsets due to the column drivers, and hence reduces

cohtrnn-t~colurnn  tixed patt~n  noise. ~T~ ~DS circuit colcuiates the difference betwem the voltages from two

consecutive reads per charmel.  During tie first read. tile actual voltage on one of the column capacitors (CR for

instance) is rmd out, and is stored on tie coupling capacitor (COR).  Following tilis, the IDS switch is enabled to

short the two capacitors CS and CR. ne ouprt  of tie DIX circuit is the difference between the voltage on the

capacitor before and after the short. If V, and V, are the voltages on the capacitors CR and CS respectively before

the DDS short, then the output of the chip is given by:

VS_OUT = y (V., + ~ (a [V, - V,]/2} - V,)

VR_OUT  = y (V.{ + ~ {a [V, - V,]/2] - V.)

(3)

(4)

whew: y is the gain of the n-channel output driver, @ is the gain of the p-chanrrcl colunln  drivers, cr. is the gain of the

pixel source follower, V=l is the clamp paential,  and Vk, ~nd V. are, the threshold voltages of output source

followers. It Cln k s~rl frOnl equations 3 and ~ that the resultant output signals are free fI”O1ll  any dependence of

the individual threshold voltages of the p-channel column drivers, and hence free from column FI’N.

The CI.AMP switcks, the coupling c~pacitors  (COS and COR), and the output drivers are common to an

entire ccrIuInn  of pixels. llw load tramistors  of the second set of source followers (VL.I’) and the subsequent clan~p

circuits and output source followers are commcm  to the entire array. The coupling capacitors (;0S and (;OR in the

final output stage have a ValUe of approximately 14 pF. Ikse capacitors are kept large to reduce kI”C noise and to

minimize signal attenuation through the capacitive divider at the final output SLlge.

~le chip can be read out in three different tncdcs.  ~W.se are photogate,  photwlicde,  and differencirlg  [7]. In

the photogate  mode each pixeI is first reset (RF3E1”)  and the reset  value is then sampled (SIIR) onto the holding

capacitor CR. Next, the charge under txlch  photogate  is transferrmt  (W) to the floating diffusio[l  (h’])). ‘I”his is

followed by sampling this level (S~IS) onto holding capacitor CS. 7’hese signals are then placed  on the output dm

bus by the colullm  select circuitry. In the I’hotcdrxie  lIICde this prccm is reversed; first the charge  under the

photogate is read out ancl then t-he reset  level is sampled. 7W1S nndc would be used if a l)hotcdicde  pixel was

substituted in future designs.

in the diffcrencirrg  nmde,  the capacitors CS and CR are used to store signal from the previous frame and the

current frame. ‘Ihk  is achievtxt  by altering the timing in the following way: R~ttler  than starLing  with a rem

operation, the si~nal On the floating diffusion is rtnd out to one. of the sample and hold capacitc]rs.  l~is repl-esents

tile previous pixel value. 2W reset is then pcrformd followed by a normal rcxrd operation. “Ibis value is tht stored

on the other sample and hold capacitor. ‘lI)C difft~enct  txtwecn  the-se two signals k now ttlc frtrnc  to frame



diff&rence. Note that the current pixel value stored on tic floating diffusion is ret~ined  until the next  frame is rady

for read. It then becomes the previous pixel  value.

4. EXPEIUMEN’I’AI.  RESUI.q’S

The chip was processed through MOSIS in the HP 1.2 jml linear  capacitor process. Figure 4 shows a

photograph of the chip with the functional elements delinemd. A sample image prcduced for a 256x256 window is

shown in Figure 5. Performance was measured for a broad range of parameters. ‘Ilese results are shown in table 1.

The output saturation level of the sensor is 8C0 n~V when o~ated  from a 5 V supply. Saturation is

cklemined by the difference bcxween the resel level on the floating diffusion node (approx. 3 V) and the minimum

voitage allowed on the pixel source follower gate (e.g. threshold voltage of approx. 0.8 volts plus saturation voltage

of the column current sink). This corqmnds to a full WC]] of approxiniate]y  75,000 e!ectrons.  This can be ineremed

by operating at a larger supply voltage, gaining about 47,000 e- per supply voit.

Dark current was measured by varying the master clock rate and thus lincmly controlling the integration

period in the dark. An output-referred. rcmnl tempcmturc,  dark-current-induced-signal of 29 nlV/seZ was nxnsured.

Based on the conversion gain, this yields a dark current of less than 500 pA/cr~l

Conversion g,~in (p. V/e-) was obtxined  per pixei by piotting  the vari~i~c=  iii pixel  output as a function of nlean

signal for flat field exposure. ~le fixed patkm noise Irising  fronl dispersion in conversion gain was under 1 % -

sinli]ar  to the value found in CCDS and comistent  with the gain of a source-follower buffm anlplificr.  output-

refemed convcmion  gain was measured to be 10.6 vV/e- which is in remonable agreement with the estimated

photogate  pixel parasitic capacitance. Ile rnessured quan(unl  efficiency (QE) was found to be sirtlilar  to a interline

CCD, with the pak QE bing 25 % at 7(XI nm. The total power consumption of the chip was 3 nlW at 100

kpixelshec. The measured power consumption is in excellent agreernen[  with that estimated from equation 2.

Noise in the chip was measured by sampling a small window at 100 kpixcltisec, Snlalla  window sizes  were

used in order to suppress dark current noise. Ilata was acquired with a 16-bit analog-to  digital converter card in a

PC workstation. Noise was calcu-lated  frotI] the variance in the pixd output sigrlal  over I(KXI fr~r[ws  of data and

yielded  an input-refemxi  rext-noise  of 13 e- r.m.s. g’hc nl~?surcd  noise value is consistent with tile v~lue  predicted in

equation 1: For a 1 pF sample-and-hold capacitor used in this design, the rmise fro[n the pixel ant! sanlple-and-hold

operation amounts to 10 e- r.rn. s., indicating that the noise of the driver circuits have only a rlIinirtml  impact on the

sensor Pcrfor[llance.

5. SUMMARY

“Ifie design of a CMOS  APS chip has bcmr describti  that integates  the image sensor technology with dig,ital

control functicrms  on a single chip. ‘Ile chip has a single cleck and single power supply with a siltlple dig,ital  interface

that  permits easy  re-structuring  of windows-of-interest and in[e~ration  times. 7 he mc.?sured  lKYforlIlancc  indicates
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that this technology will prtiuce  excellent  quality images and is expemd

applications.

to bc competitive with CCD’S in many
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Parameter 5 Volt Operation

s~tllr~[ion  LeveI 800 mV

Con~rsion  Gain 10.6 uV/e-

Read Xoise 138 NV

Dynamic Range 75 (lb

I I

! peak QE, I 20-25 70
I 1

Fixed Pattern Noise 0.2 % sat p-p

~
I

Da:-k Current
I

“29 mVlsec
I ,

Power I 100kpix/sec

75,000 e-

13 e- r.nls.

5800:1

< 2mV p-p

-500pA/cm2

-3mw

Table 1. Performance (3aracteris[ics

256.x256 Of OS Ac!ive  P[.rel Sensor C[/t~fer[:-orl-(r-c!/  ip
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